grade signaling generated in response to target-derived
neurotrophins? At least three additional models have and 1C). Moreover, 10 ng/ml and 100 ng/ml NGF applied to distal axons promoted similar axon extension rates been proposed to explain retrograde signaling. In a secof 250-450 m/day ( Figure 1D ), a rate slightly less than ond model, which is a subtle variation of the Signaling that reported by others (Atwal et al., 2000), probably Endosome Model, a TrkA-containing signaling endosome due to the presence of serum in the medium in the distal without neurotrophin ligand is the retrograde signal carcompartments in our cultures. Nevertheless, since 10 rier. This seems plausible since a high concentration of ng/ml NGF in distal axon compartments supports robust Trk receptors, as may be found in Trk receptor-conaxon growth, maximum survival, and soma hypertrophy, taining vesicles, can support receptor autophosphorylawhile NGF withdrawal led to marked apoptosis, these tion and signaling independent of ligand, at least in PC12 conditions were ideal for subsequent retrograde survival cells (Hempstead et al., 1992) . In a third model, the experiments. "Domino Model" or " ), these results conWe provide evidence that the catalytic activity of TrkA is firm that K252a specifically inhibits TrkA but not other signaling intermediates necessary for survival of these essential in both cell bodies and distal axons to mediate neurons. Therefore, K252a (100 nM) was used to deterretrograde neuronal survival. Furthermore, inhibition of mine whether TrkA activity in cell bodies, distal axons, TrkA activity exclusively in proximal axonal shafts of or both is required for survival when neurons are supneurons supported by NGF in distal axons neither disported by NGF added exclusively on distal axons. As rupted NGF-TrkA signaling in cell bodies nor comproshown in Figure 2E , K252a added either to cell bodies mised survival. Moreover, blocking ligand-receptor inor distal axons led to significant cell death over the ternalization and antibody-mediated neutralization of 72 hr treatment period. The kinetics of cell death are retrogradely transported NGF resulted in significant cell comparable to those observed upon addition of K252a death when NGF was added exclusively to distal axons.
to both cell body and distal axon compartments and are Taken together, these results provide direct evidence in somewhat slower than those observed upon complete support of the Signaling Endosome Model of retrograde NGF withdrawal, probably due to the incomplete inhibineuronal survival. tion of TrkA signaling during the long treatment period ( Figures 2B, 2D , and 2E). Importantly, cell death was not observed when NGF was applied directly to cell Results bodies and K252a to distal axons ( Figure 2E) , and K252a applied exclusively to the cell body compartment inhibCompartmentalized cultures of sympathetic neurons its phosphorylation of TrkA in that compartment but not were used to address the roles of retrogradely activated the distal axon compartment ( Figure 2D ), indicating that TrkA and retrograde NGF transport for survival signaling.
pharmacological inhibition of TrkA was effectively comWe first assessed the viability and axonal growth properpartmentalized. Together, these data indicate that TrkA ties of compartmentalized sympathetic neurons supkinase activity in both cell bodies and distal axons is ported by NGF applied exclusively to distal axons. While necessary for retrograde signaling-mediated survival of NGF withdrawal led to soma atrophy and apoptosis, sympathetic neurons. The requirement of activated TrkA NGF concentrations of 10 ng/ml and 100 ng/ml, applied in cell bodies suggests that downstream effectors of exclusively to distal axons for 3 days, supported soma TrkA, activated in distal axons, are by themselves not hypertrophy and survival to the same extent as NGF sufficient to support neuronal survival. We next investigated the mechanism by which acti-(100 ng/ml) applied directly to cell bodies (Figures 1B (B) Sympathetic neurons grown in medium containing NGF (10, 30, or 100 ng/ml) exclusively in the distal axon compartments exhibit soma hypertrophy to the same extent as those grown with medium containing NGF directly added to cell bodies. Sympathetic neurons grown in compartmentalized culture for 10-12 days were treated for 72 hr. BAF (50 M) was added to cell body compartments to prevent cell death. Medium was changed every 24 hr. After treatment, cells were fixed with 4% paraformaldehyde and cell body diameter was measured. Note that sympathetic neurons deprived of NGF show significantly smaller cell body diameter than those treated with NGF. The cell body diameter is presented as mean Ϯ SEM from three independent experiments. Asterisk, p Ͻ 0.001; NS, not significantly different; one-way ANOVA followed by a Tukey's Multiple Comparison Test. (C) NGF (10 ng/ml) on distal axons supports survival of sympathetic neurons grown in compartmentalized culture. Sympathetic neurons were grown in compartmentalized culture for 10-12 days and then subjected to treatment for 72 hr. Medium was changed every 24 hr. Fluorescent microspheres (40 nm) were added to the distal axon compartment to retrogradely label neurons projecting axons into the distal axon compartment. After treatment, cells were fixed with 4% paraformaldehyde and stained with Hoechst 33258 dye. Microsphere-labeled neurons were scored based on nuclear morphology. The amount of neuronal cell death is presented as mean Ϯ SEM from three independent experiments. Asterisk, p Ͻ 0.001; NS, not significantly different; one-way ANOVA followed by a Tukey's Multiple Comparison Test. Scale bar equals 20 m. (D) Sympathetic neurons exhibit robust axon extension upon exposure of distal axons to medium containing either 10, 30, or 100 ng/ml NGF. Sympathetic neurons were grown in compartmentalized culture for 10-12 days. Distal axons were washed away with distilled water, and medium containing either anti-NGF or NGF was added to distal axon compartments. Anti-NGF and BAF (50 M)-containing medium was added to all cell body compartments. The length of the longest axons in each track in the distal axon compartments was measured every 24 hr, and the axon growth rate was calculated. Note that there was no axon growth in the distal compartment of anti-NGF-treated cultures. The rate of axon growth is presented as mean Ϯ SEM from three independent experiments. Asterisk, p Ͻ 0.001; NS, not significantly different; two-way ANOVA followed by Duncan multiple range test. We also performed two complementary sets of experiassess the rates of extension of individual axons in distal axon compartments during the 24 hr period following ments to confirm that the Pep-1/anti-NGF complex applied to cell bodies did not diffuse the length of the Pep-1/anti-NGF delivery to cell bodies. For these axon outgrowth experiments, the caspase inhibitor BAF was axons to inhibit NGF signaling in distal axons. In one set of experiments, delivery of ␤-gal protein into cell included in the medium to prevent cell death associated with neutralization of NGF in cell bodies. The average body compartments of sympathetic neurons resulted in robust ␤-galactosidase activity within the cell bodies values and distribution profiles of axon extension rates were comparable for neurons treated on cell bodies with and most proximal axons within that compartment after 24 hr of delivery. In contrast, we were unable to detect either anti-NGF alone or the Pep-1/anti-NGF complex ( Figure 6E ). These control experiments indicate that any ␤-galactosidase activity in axons underneath the barriers or in the distal axon compartments ( Figure 6B ).
Pep-1/anti-NGF delivery to cell bodies neutralizes NGF signaling within cell bodies but not NGF signaling in Similar results were observed when Pep-1/rabbit IgG was applied to cell body compartments (data not distal axons. Together, these experiments indicate that retrogradely transported NGF, within cell bodies, is reshown). Since axon growth is critically dependent upon local NGF signaling within distal axons (Campenot, quired for neuronal survival but not growth of distal axons. 1977), a second set of experiments was performed to MacInnis and Campenot's study, rendering the interpretation of those results potentially problematic. Is there Retrogradely Transported NGF Is Necessary any other evidence to support transport-independent for Survival survival signaling? We note that in each of the experiIn the Signaling Endosome Model, P-TrkA associated with ments reported in the present study, perturbations that endosomes must travel a very long distance, millimeters affected retrograde signaling did not completely prevent or more, to reach the cell body and, therefore, a key survival. Thus, the K252a, K44A dynamin, and Pep-1/ question is how TrkA activity is maintained in endosomes.
Anti-NGF treatments resulted in cell death that was less One possibility is that NGF, within the endosome, binds than that observed following NGF withdrawal. While we to and maintains Trk receptor dimerization and activity.
favor the idea that incomplete cell death in these experi-A second possibility is that a high concentration of rements is due to either incomplete infection efficiency ceptors within endosomes supports ligand-indepen- 2-1 pg) questions. released from the beads was retrogradely transported.
In summary, we have addressed the mechanism of To address whether this small amount of leakage could retrograde neurotrophin signaling for the survival of account for retrograde survival, the authors bathed dissympathetic neurons. Our results provide evidence in tal axons with a medium containing a low concentration support of signaling endosome-based retrograde surof soluble NGF (0.5 ng/ml or less) to achieve an amount vival of sympathetic neurons. In this model, retrograde of retrograde NGF transport comparable to or more than transport of NGF is required for survival of sympathetic that which had resulted from leakage from the beads. Three hours later, plasma membrane bound anti-NGF was removed delivery of protein is below 100%, we used a different axon growth by two acid washes and three DMEM washes at 4ЊC. For each assay for experiments reported in Figure 6 to better reflect the condition, extracts from cell body compartments were prepared by distribution of axon growth rates of all axons in the distal compartincubating for 15 min with ice-cold NP-40 lysis buffer. Lysates were ments. Photographs of axon terminals in distal axon compartments clarified by centrifugation at 12,000 ϫ g at 4ЊC and either directly were taken using a Hamamatsu Orca-ER digital camera immediately resolved by SDS-PAGE or subjected to immunoprecipitation using before adding either anti-NGF alone or the Pep-1/anti-NGF complex Protein A-agarose at 4ЊC for 1 h and then resolved by SDS-PAGE. to the cell body compartment and NGF to the distal axon compartments. Twenty-four hours later, a second set of pictures was taken for the same fields, and the length of individual axons was measured
